Objective: Auditory processing disorder (APD) is diagnosed on the basis of listening difficulties despite normal audiogram, although the cause is unknown. This study examined the hypothesis that the underlying cause of APD is a modality-specific deficit in auditory temporal processing and also considered how far the auditory impairments in APD differ from those in children with dyslexia.
INTRODUCTION
Auditory processing disorder (APD) is diagnosed when a child presents with unexplained listening difficulties despite a normal audiogram and shows impaired performance on tests of auditory processing (AP), such as the SCAN-C (Keith 2000b) . The cause of APD is assumed to be subtle abnormalities in the auditory central nervous system that disrupt processing of sound (American Speech-Language Hearing Association 2005; British Society of Audiology 2005). Although widely diagnosed in the United States and Australia (Emanuel 2002; Cameron & Dillon 2005) and increasingly well known in the United Kingdom (Hind 2006) , definition and diagnosis of APD are problematic as given below.
What Process Underlies APD?
The first controversy is exactly which auditory process is impaired in APD. APD definitions list a range of auditory skills that are thought to be impaired, including discrimination, pattern recognition, performance with degraded or competing signals, temporal integration, and temporal masking (American Speech-Language Hearing Association 2005; British Society of Audiology 2005). However, critics have objected that these definitions are merely lists of tasks that people diagnosed with APD have difficulty with . The range of "skills" is broad, and these are likely to overlap because they draw on a common core of fundamental auditory skills. Some of the fundamental skills that have been suggested as a key to APD are temporal processing, auditory figureground discrimination, and auditory memory or attention (Jerger 1998) . It seems likely that APD may include a range of deficits (Phillips 1995) , although there is no convincing evidence for any specific deficit underlying APD yet. In this study, we examine the performance of children diagnosed with APD on a battery of temporal processing measures that attempt to measure the accuracy with which temporal changes in the auditory signal are resolved in comparison with typical children, described in detail in the Methods section. We chose to focus on the "temporal" hypothesis for APD for three reasons: (1) temporal aspects of the stimulus are a critical dimension in audition (Viemeister & Plack 1993) , (2) a temporal impairment is one of the primary suspects as a cause of APD (Jerger 1998) , and (3) impairments in temporal processing have also been implicated in disorders of reading and language (Witton et al. 1998; Tallal 2004 ).
Diagnostic Specificity of APD
A second controversy and long-standing objection is that "APD" may not be a separate disorder but rather is a reflection of an attention deficit, a specific learning disability, or a language disorder (Rees 1973) . Some have suggested that the diagnosis a child receives is partly dependent on the professional they consult; audiologists who diagnose APD were pediatricians, speech-language pathologists, or educational psychologists who would diagnose specific language impairment, dyslexia, or attention deficit-hyperactivity disorder (Friel-Patti 1999) . If AP test performance is substantially impacted by nonauditory factors, AP tests may lead to a diagnosis of APD in children whose listening difficulties result from other causes.
Impact of language level • Use of linguistic stimuli in APD
tests is problematic, and many supposed AP tests are likely to be sensitive to language level or familiarity with accent or dialect (Marriage et al. 2001; Rosen 2005; Moore 2006) . In an attempt to sidestep the difficulties of auditory assessment using linguistic stimuli and to clarify the definition of APD, the British Society of Audiology (2005) defines APD as a hearing disorder that is presumed to affect processing of both speech and nonspeech sounds, but to demonstrate an APD one needs to test auditory skills using nonspeech stimuli. Whether an auditory deficit is seen only with speech processing or phonological categorization, then it would not fit the British Society of Audiology definition of APD. In this study, we compare performance of children with APD with that of typical children and children with dyslexia on a battery of both speech-based and nonspeech AP measures.
Although it does seem desirable to allow for poor language or phonological skills in the course of auditory testing, a major difficulty with disentangling APD as a diagnostic entity distinct from other developmental disorders is that auditory deficits are typically seen in around one-third of children with diagnoses of dyslexia or specific language impairment (Tallal 2000; McArthur & Bishop 2001) . Children with APD also commonly have language and reading difficulties (Bamiou et al. 2001; Sharma et al. 2009 ). The hypothesis that a low-level deficit in AP may underlie language and reading problems has generated huge interest. However, despite years of intensive research, the role of auditory impairment in language development is not clear. The difficulty is sorting out issues of cause and effect. Is the observed auditory deficit (1) a primary cause of the child's language problems, (2) a secondary consequence, or (3) something that merely co-occurs with language problems but is not directly causally linked? One aim of this study was to investigate whether the temporal AP skills of children diagnosed with APD resemble those of children with dyslexia. Although it was not the primary focus of this research, it is possible that the research focusing on children with identified auditory problems may shed light on the hypothesis that auditory problems may be associated with language and literacy problems. If auditory difficulties were related to language and literacy problems, one would expect that there would be a high incidence of language and reading problems among children with APD and that the severity of their auditory difficulties would be associated with the degree of language or reading impairment.
The specific auditory tasks chosen in this study were taken from the literature examining auditory skills of children and adults with "language learning problems." In this literature, participants with language learning problems have shown impairment on a range of nonlinguistic AP tasks including frequency modulation (FM) and amplitude-modulated detection (Witton et al. 1998) , frequency discrimination (Bishop et al. 1999) , backward masking (Wright et al. 1997 ), sequencing of brief or rapidly presented tones (Tallal 2004) , and auditory stream segregation (Helenius et al. 1999) . To test the hypothesis that the cause of APD is a problem with temporal coding of sound, we selected a test battery derived from the work of Witton et al., who were interested in using FM detection tasks to investigate possible temporal auditory deficits underlying dyslexia.
Their hypothesis was that poor sensitivity to dynamic auditory cues would result in a speech-perception deficit that would in turn affect development of phonology with subsequent difficulties with reading. In a series of studies, Witton et al. found that FM sensitivity was associated with phonologically based reading skills. Dyslexic children and adults were also less sensitive to FM (at 2 and 40 Hz) than controls, although there was no difference in performance on a control task, which was thought to tax spectral processing (FM at 240 Hz) (Witton et al. 1998 Talcott et al. 2000 Talcott et al. , 2002 .
In this study, the stimuli similar to those used in the studies of Witton et al. were selected from the temporal subsection of the Newcastle Auditory Battery (NAB; Griffiths et al. 2001 ) that assesses temporal coding at different modulation rates; 2-Hz FM and 40-Hz FM. Both spectral and temporal mechanisms are thought to contribute to FM detection, although contributions vary depending on the modulation rate (Kay 1982) .
At low-modulation rates (0.5 to 5 Hz), temporal mechanisms are most significant. Spectral mechanisms become more important with increasing modulation rates and higher carrier frequencies. At the highest rates of modulation, detection depends on the sensitivity to sidebands in the presence of the carrier component, which itself acts as a masker (Moore & Sek 1996; Sek & Moore 2000; Moore 2004 ). Witton et al. (1998 Witton et al. ( , 2002 used 240 Hz as a control task because detection of FM at this rate of modulation is thought to draw especially on spectral rather than temporal processes. In this study, 240-Hz FM was also selected as a nontemporal control task.
Iterated rippled noise (IRN) is a stimulus thought to tap pitch perception based on temporal rather than on spectral mechanisms (Yost et al. 1996) . It was not used in the studies of Witton et al. but was also included here in the interest of examining children's complex pitch perception. IRN is constructed by delaying a random noise by a few milliseconds (d) and adding this to the original noise. If this process is repeated, the resulting stimulus begins to produce a pitch sensation equal to the inverse of the delay. With an increasing number of iterations, the salience of the pitch becomes stronger. The delay and add process introduces a "spectral ripple and a temporal regularity" (Yost et al. 1998 (Yost et al. , p. 2349 to the stimulus. However, there are no harmonically related peaks in the auditory spectrum, and although the associated pattern of neural activity contains time intervals at the length of the delay, d, an overall regularity is not apparent in the activation pattern because the envelope does not repeat regularly in time. Neither auditory spectrum nor neural activation pattern provides a good explanation for the perceived pitch of IRN. It is thought that a pitch sensation is extracted through temporal mechanisms. For example, an autocorrelation could be applied to the neural activity pattern (the pattern of neural activity is compared with a delayed version of itself).
Previously, researchers have explored the nature of APD using nonlinguistic tasks, for example gap detection (Musiek et al. 2005) or tone sequencing (Musiek 1994) .
One difficulty with previous research is that different procedures have been used to measure different discriminations, making comparisons between discriminations difficult. In this study, the goal was to use the same procedure to maximize comparability across auditory tasks. Another difficulty with interpretation of children's AP performance is that tasks themselves are often ambiguous in terms of what they measure; studies have used stimuli that could be detected using either spectral or temporal coding. Note that this also applies to this study, with respect to mechanisms for detection of FM as mentioned earlier. The hypothesis was that if children with APD have a problem with temporal coding of sound, they will have particular difficulty with one or more of the tasks where detection relies on temporal processes (i.e., 2-Hz FM, 40-Hz FM, or IRN), with normal performance on the control 240-Hz FM task that draws more heavily on spectral processes, when compared with a normative group of children.
Impact of nonauditory factors
• In addition to concerns over a possible confound with language problems is the possibility that other executive level functions, such as attention, motivation, or I.Q., may account for APD (Rees 1973) . In response to this concern, McFarland and Cacace (2005) recommended establishing the "modality specificity" of APD, or the idea that one must demonstrate specific auditory deficits to discount the effects of a general dysfunction that would affect performance across modalities. McFarland and Cacace advocated the addition of comparable tests of processing in other modalities (e.g., visual or tactile) in addition to auditory tests so that the modality specificity of any auditory deficits can be established. However, other researchers countered that modality specificity may be an unrealistic demand because multimodality is a basic feature of neural coding and manipulation (Bellis & Ferre 1999) . The latest American SpeechLanguage Hearing Association (2005) report acknowledged both points of view and recommended that APD should be recognized when the sensory processing deficit is most pronounced in the auditory domain. Although it is a topic of debate in the APD literature, we are not aware of any published studies that have investigated processing in other modalities in children with APD in comparison with AP.
Here, in accordance with the recommendation of McFarland and Cacace that an analogous test in another modality should be used alongside auditory tests, we chose to assess visual motion sensitivity. Although controversial, some have suggested that there are common, underlying mechanisms for the detection of "dynamic" stimuli such as FM and visual motion (Stein 2001) . Primate and human studies suggest a division of the early visual system into parallel "parvocellular" and "magnocellular" pathways (Milner & Goodale 1995) , with the magnocellular pathway specialized for detection of motion and the parvocellular specialized for recognition of form. Sensitivity to form and motion can be measured in terms of the proportion of coherent line segments or dots in background noise that are required to detect a shape (Milner & Goodale 1995) . Both pathways are thought to develop throughout childhood (Parrish et al. 2005) , although sensitivity to motion seems particularly susceptible to disruption (Braddick et al. 2003) . In summary, visual motion has been suggested to have commonalities with auditory FM detection, and visual motion sensitivity seems to be a sensitive developmental task. Visual motion detection was therefore chosen to test the modality specificity hypothesis in children diagnosed with APD. If the notion of a "modality-specific" APD is valid, then we should be able to find children who have impaired performance on auditory psychophysical tests and normal performance on visual ones.
In summary, the specific questions for this study were as follows:
1. Given that many children with APD have poor reading, and, conversely, temporal auditory problems have been described in dyslexia, are comparable problems seen in the two groups? More generally, are auditory problems more closely related to a child's literacy status or APD status? 2. Are any processing problems specific to the auditory modality or do children with an APD diagnosis perform poorly on visual processing tests also? 3. Is there an evidence for specific problems with temporal AP in children diagnosed with APD? 4. Do nonauditory factors such as attentional problems or performance I.Q. impact significantly on auditory test performance to the extent that some children's poor performance might be attributed to a nonauditory deficit?
PARTICIPANTS AND METHODS
Participants APD group • After excluding two children with performance I.Q. (PIQ) Ͻ80, one child for poor compliance during testing, one child who was not able to complete testing because of severe memory problems, and one child who failed hearing screening, 22 children with a diagnosis of APD were recruited from four collaborating hospitals in London, Oxford, and Manchester. All of these children had been diagnosed as having APD by an audiologist or auditory physician. The diagnosis at each referring center was made on the basis of a complaint of specific listening difficulties, despite normal peripheral hearing with performance below recommended clinical cutoff scores on the SCAN-C or -A (Keith 1994 (Keith , 2000b ) plus failure on one or more additional tests of temporal AP (the Random Gap Detection test [Keith 2000a ], Pitch Patterns test [Musiek 1994 ], or Duration Patterns test [Musiek 1994] ). See for details of APD diagnosis. Although, currently, there is no "gold standard" for APD diagnosis, diagnostic methods in this study are typical of those commonly used in the United States and United Kingdom (Emanuel 2002; Hind 2006 ). Twelve of the 22 children (54%) in the APD group also met criteria for dyslexia, as defined below.
Dyslexia group • Nineteen children were recruited either from local schools or as participants from previous studies conducted by the Oxford Study of Children's Communication Impairments (OSCCI) laboratory in Oxford. The key criterion for recruitment was a diagnosis of dyslexia by an educational psychologist. For inclusion in the study, the presence of dyslexia was defined as PIQ Ն80 Normative group • Local schools helped recruit children from whom to collect performance norms for the auditory and visual tasks and for the SCAN-C. The selection criteria for inclusion in the normative group were (1) parental report of normal hearing, (2) normal pure-tone audiogram (at 20 dB HL), and (3) completion of psychophysical testing and SCAN-C. Except for 6-yr-olds (N ϭ 18), the goal of 20 children per year band from 6 to 10 yr was met (total N ϭ 98).
There were approximately equal numbers of boys and girls in each year group. Children were tested at school in a specially outfitted mobile laboratory with a sound-attenuating cabin. The test battery that each group completed differed; all groups were administered the auditory and visual psychophysical tests and the SCAN. Because of resource constraints and practicalities of testing, reading and spelling data were obtained for the APD and dyslexia groups only. Test battery information by group is given in Table 2 , and tests are described below.
Standardized Tests SCAN-C and SCAN-A
• All children in the normative, dyslexia, and APD groups were given the SCAN-C (for children aged 5 to 11:11 yr) or -A (for those aged 11ϩ yr) (Keith 1994 (Keith , 2000b , both of which are commonly used standardized tests of AP. The SCAN tests are administered individually either in a quiet room or audiometric conditions and have U.S. population-based performance norms. Stimuli are recorded on a compact disc and played over headphones. Words and sentence stimuli are acoustically filtered to reduce intelligibility, presented against background noise, or presented dichotically against a competing word or sentence. Test takers are asked to repeat target words and sentences that are then scored for accuracy. The SCAN tests provide an overall score as well as scores on four subtests: filtered words, auditory figure-ground, competing words, and competing sentences. In an earlier study, we found that U.K. children scored significantly more poorly than the U.S. norms because of a strong effect of accent familiarity on performance (Dawes & Bishop 2007) . Therefore, standard SCAN scores for the children with APD and dyslexia were computed by age group based on performance data (total SCAN composite raw scores) from the normative group.
TOWRE (Torgesen et al. 1999)
• The TOWRE contains two subtests: "sight word efficiency," which assesses the number of real printed words that can be identified accurately within 45 sec, and "phonetic decoding efficiency," which assesses the number of legal nonwords identified correctly in 45 sec. The TOWRE assesses "sight word" reading, or the ability to recognize familiar words as a whole, and the ability to "sound out" unfamiliar words, two essential reading skills. All children in the APD and dyslexia groups were administered the TOWRE subtests.
The OSCCI spelling test • The OSCCI spelling test was developed within the OSCCI laboratory at Oxford University as a quick and an efficient means of testing spelling ability. Children are asked to write a list of regular and irregular words within a 2-min time limit. Performance norms are based on 58 typically developing British school children aged 6 to 15 yr, using the regression of score on age to convert to age-adjusted z-scores. All children in the APD and dyslexia groups completed the OSCCI spelling test.
Experimental Tests of AP Apparatus • Stimuli were presented by a personal computer (Dell Latitude D505) over Sennheiser HD600 headphones.
Stimuli
• Three tests were selected from the temporal processing subsection of the NAB (Griffiths et al. 2001 ). These were detection of FM tones at 2 and 40 Hz and detection of IRN. A total of 240-Hz FM, not an NAB task, was included as a control task. Detection of FM at this rate of modulation is thought to draw on spectral rather than on temporal processes (Witton et al. 1998) . Carrier frequencies were 500 Hz for 2-Hz and 40-Hz FM and 1000 Hz for 240-Hz FM. All stimuli were sampled at a rate of 44,100 and scaled to have equal root means square values (0.2) before calibration using a sound level meter. Matlab 6.1 (The MathWorks Inc. 2001) was used to generate the stimuli. All stimuli had durations of 1 sec with 20-msec rise/fall times. For the FM tasks, detection threshold was in terms of the modulation index.* IRN is a stimulus thought to tap pitch perception based on temporal rather than spectral mechanisms (Yost et al. 1996) . In this study, IRN was constructed as described in the NAB (Griffiths et al. 2001 ). The target stimulus was band-pass noise *The modulation index refers to the amount with which the carrier's instantaneous frequency is varied in proportion to the modulating signal's magnitude. The equation describing a frequency-modulated sine wave is:
where f c is the carrier frequency, t is time, g is the modulating frequency, and ␤ the modulation index. Detectability increases with the amount of modulation. (1 to 4 kHz) iterated eight times and added to uninterated band-pass noise, with the strength of the IRN controlled by the ratio of the level of the signals before adding. Threshold for detection was gain, the power ratio of IRN to noise signals before adding together. The distracter stimuli contained bandpass noise only. All stimuli were presented at 60 dB SPL.
Procedure
• Adaptive methods are thought to be more suitable for use with children than methods that provide full psychophysical functions because they are less time consuming while still providing reliable threshold estimates (Werner 1992; Sutcliffe & Bishop 2005 ). An adaptive procedure similar to that used by Sutcliffe and Bishop (2005) was used as follows: Modulation index (for FM) and gain (for IRN) were altered adaptively using parameter estimation by sequential testing (PEST) procedure to track 75% correct (Taylor & Creelman 1967) . Initially, very easy discriminations are presented with large step sizes that increase the difficulty until an error is made. When an error is made, the discrimination is made easier and the step size is systematically reduced until a specified threshold level is reached. A three-interval two-alternativeforced choice AXB format was used, where X is always a standard tone and the target tone randomly occurs in either position A or B, with another standard tone in the remaining position; either "beep, boop, boop" or "boop, boop, beep." Tones were separated by 500-msec silent gaps. Participants must choose whether the target was in position A or B. The maximum number of reversals was eight, with threshold calculated from the last four reversals. The maximum possible number of trials was 80, although this was never reached. Thresholds were calculated from the 75% correct point † on the psychometric function.
Older children capable of attending to the task initiated the trial themselves. For younger children, the examiner initiated the trial when the child was attentive. In each trial, three cartoon characters (dinosaurs, kangaroos, or owls) appeared on screen on top of a colored box. Two lower characters on the left and right of the screen produced the A and B (target) tones, whereas a central character produced the X (reference) tone. A trial consisted of each character jumping on its box while producing a tone. The interval containing the target tone (FM/IRN) was randomly allocated on each trial. Depending on individual children's proficiency at using a computer mouse, older children were allowed to choose the target themselves by mouse click on the target character. Younger children pointed to the target character that produced the "wobbly sound" or the "funny noise," and the examiner entered the response by mouse click. Correct identification of the target was rewarded with a small picture and a cheerful noise, whereas incorrect identification elicited a cross and a disappointed sigh. Five easy examples were presented initially as training, and the trial proceeded if the child was able to correctly identify all five practice targets. For the auditory tasks, two thresholds per discrimination were obtained, with the average taken as the final threshold estimate. Order of presentation was counterbalanced between children for both the auditory and visual tests.
Visual Form and Motion Processing Tests
Apparatus • Tasks were generated using Lua scripting language on a PC (Dell Latitude D505) connected to an external monitor (Iiyama Visionmaster 450). The external monitor display was 36 ϫ 27 cm (45 cm diagonal) with a screen resolution of 1600 (horizontal) ϫ 1200 (vertical) pixels at 60 frames/sec. Stimuli • Form and motion coherence stimuli were viewed on the external monitor at a distance of 90 cm (visual angle 22.91°ϫ 17.19°). A circular target area 14.4 cm (9.17°in diameter) appeared with equal probability centrally on the left or right half of the display. The percentage of coherently oriented segments among randomly oriented segments (for form) or coherently moving dots among randomly moving dots (for motion) within the target area defined the coherence value on each trial. Line segments or dots formed concentric circles within the circular target area. For the motion stimulus, the direction of rotation of the coherently moving dots varied at random (either clockwise or anticlockwise). Figure 1 shows the form and motion displays.
The form stimulus was a static array of randomly oriented white line segments on a black background (density 7.62 segments/°2). Line segments were generated by plotting simultaneously the positions that individual 0.18-cm diameter (0.114°) dots in motion would have moved over a lifetime randomly chosen between one and eight frames (0.02 to 0.13 sec) along an arc trajectory of 3.37 cm/sec (2.14°/sec). Line segments thus varied in length from 0.24 to 0.63 cm (0.15°to 0.40°).
The motion stimulus was a random dot kinematogram with white dots on a black background at the same density as the form stimulus. Dots were 0.18-cm diameter (0.114°) and had a velocity of 3.37 cm/sec (2.14°/sec) with a limited lifetime of eight frames (0.13 sec). To prevent flicker caused by replacing each dot at the same frame, dots had an initial lifespan at the start of stimulus presentation that varied randomly between one and eight frames (0.017 and 0.100 sec). For both form and motion stimuli, both signal and noise dots had curved paths to avoid judgments based on local cues. Coherent dots/line segments curved around the center of the target area, whereas † Note that the threshold level (75% correct) was specified within the PEST algorithm. The 75% correct level was estimated using the PEST method (Taylor & Creelman 1967; Findlay 1978 ). At any fixed stimulus level in the adaptive track, responses of the subject are binomially distributed. One can then specify a target probability to yield an optimal stimulus value (which is the basis of the PEST method):
where X nϩ1 is the optimal stimulus value for the next trial, is the specified probability of correct responses (0.75 in this case), n is the trial number, X is the stimulus value, and Z is the corresponding response. A is the function that combines these variables in the optimum (i.e., most efficient) way. The estimation ceases when trials have converged on the ϭ 0.75 level. Please refer to Findlay (1978) and Taylor and Creelman (1967) for further details of the method. noise dots/segments curved around a different randomly chosen point for each dot/segment. Procedure • The procedure was similar to that of Gunn et al. (2002) . Stimuli were presented with curtains drawn and room lights off. Detection thresholds were obtained using a twoalternative forced-choice method. Participants had to choose in which half of the screen the coherent stimulus was present. So that children understood the task requirements, questions such as "Can you see the ball hidden in the grass?" were used. Children then responded by pointing to the location of the ball, and the response was entered by the examiner. In between trials, the child's attention was drawn to the midline of the screen by a set of three flashing colored boxes.
For each task, three to six practice trials at 100% coherence were carried out. Detection thresholds were then estimated using the [Psi] method (Kontsevich & Tyler 1999) estimating the 75% correct level. The [Psi] method maximizes efficiency of threshold estimation by using continuously updated probabilities to select coherence at a level that maximized the information gained by completion of that trial. Form and motion coherence tasks were run successively for each child with the order of presentation of the tasks counterbalanced across children. Following Gunn et al. (2002) , one threshold was obtained for each task.
RESULTS

AP Difficulties in APD and Dyslexia Groups SCAN performance • Children were categorized according
to the performance on the SCAN according to cutoffs recommended in the SCAN manuals; a composite standard score ϾϪ1 SD is "normal," between Ϫ1 and Ϫ2 SDs is "borderline," and ϽϪ2 SDs is "disordered" (Keith 1994 (Keith , 2000b . One would expect around 16% of a random sample to score within the clinical range (the percentage of the population scoring below Ϫ1 SD). With SCAN standard scores based on the normative group's SCAN performance, 27% of the dyslexia group and 31% of the APD group scored in this range.
Given that the APD group was diagnosed partly on the basis of poor SCAN performance, it was surprising that the APD group scored as well as they did. The relatively good performance of the APD group may be attributed to three things. First, unadjusted SCAN scores were used in these children's original diagnoses. If one applies U.S. norms supplied with the SCAN, 50% of the dyslexia group and 59% of the APD group would fall within the clinical range on the SCAN total score. SCAN reliability may also be a factor. Although reliability estimates for the SCAN-C range from 0.65 to 0.82 by subtest based on population-based testing (Keith 2000b) , we suspect that the reliability may be lower for clinical groups. SCAN-C retest scores were available for nine children with APD Ͻ9 months after testing at each child's respective referring center (median time interval, 4.5 months). Four of these children scored within 1 SD of their initial score, whereas five children scored Ͼ1 SD different (four better and one worse). Although the use of U.S. norms and low reliability may be factors, the major reason for the APD group's good performance is probably the clinical identification of APD on the basis of performance on SCAN subtests rather than SCAN total score; the latter was done in this study. The SCAN manual suggests that the diagnosis of APD can be made on the basis of either total score or performance on any one of the four subtests, as was done in these children's original diagnoses. However, the factor structure of the SCAN does not support the use of subtests for diagnosis. In the earlier 1986 edition of the SCAN, Amos and Humes (1998) found a single "speech processing" factor, whereas Domitz and Schow (2000) found two factors for the current (2000) version of the SCAN-C, as did Dawes and Bishop (2007) . If one were to diagnose APD in U.K. children on the basis of SCAN subtest performance using U.S. norms, applying these criteria to the current sample would identify 86% (19 of 22) of the children with APD as being within the clinical range. For this study, note that APD diagnosis was not based solely on the SCAN, but other (mostly nonlinguistic) AP tests as well as case history were also used. There is currently no gold standard for APD diagnosis, and thus it is of interest to examine the characteristics of children diagnosed with APD using current clinical methods.
Psychophysical Test Performance on Auditory and Visual Tasks
Average threshold scores were standardized (to have a mean of 100 and SD of 15) by year group for all psychophysical tests except for IRN. Because performance was found not to change with age, IRN thresholds for all participants were standardized according to pooled normative group performance. For participants aged 11 yr and above, thresholds were standardized with reference to the normative sample 10-yr-old age group because it had been found that the performance was at adult levels on all tasks by the age of 10 yr . Some children scored very poorly (ϽϪ4 SD), although these were not the same children across tasks (2 Hz, one dyslexia and one APD case; 40 Hz, three dyslexia and five APD cases; 240 Hz, three APD cases; IRN, two APD cases; visual motion, one APD case). It is potentially informative that these children had such trouble with the task, whether caused by task or procedural demands. Thus, rather than exclude them from the analysis as outliers, all scores were standardized with a minimum score of 70 so that all those with scores Ͼ2 SD below the mean were given a score of 70.
Comparison of Group Performance on Psychophysical Tests
Group performances after adjustment are displayed graphically in Figures 2 and 3 .
A high proportion of participants in both clinical groups scored below Ϫ1 SD (standard score of 85) on the psychophysical tests. Analysis of the proportion of children scoring poorly in each group across tasks is presented below. Note that there is a skew toward poor performance (seen in the figures as a distribution bunched toward the lower, poorer end of the scale) for both clinical groups on 2 and 40 Hz and for the APD group on 240 Hz, remembering that scores were standardized to have a minimum of 70.
Group Comparison
An analysis of variance was carried out for age-standardized threshold scores for each task comparing the dyslexia and APD groups with a subset of the normative group selected to give balanced group sizes. The 10-yr-olds from the normative group were chosen because they were closest in age to the dyslexia DAWES ET AL. / EAR & HEARING, VOL. 30, NO. 6, [675] [676] [677] [678] [679] [680] [681] [682] [683] [684] [685] [686] and APD groups (the average age of the 10-yr-old group was 10.3 yr (SD 0.28); groups did not differ significantly in average age, Welch's F[2,27.1] ϭ 0.89, p Ͼ 0.05). The assumption of equal variance was not met for 2-and 40-Hz FM tasks, so Welch's F statistic was used for these comparisons. There were significant group differences on all tasks except 2-Hz FM and visual form and motion detection 35.5] [2, 58] ϭ 1.63, ns, ϭ 0.14). Post hoc comparisons with the Bonferroni test (or Games-Howell test in the case of unequal variances) showed significant differences between the APD group and the normative group on 40-Hz FM, 240-Hz FM, and IRN (with effect sizes r ϭ 0.63, 0.59, and 0.38, respectively). The dyslexia group differed from the normative group on 40-Hz FM only (r ϭ 0.39). There were no significant post hoc differences between the APD and dyslexia groups on any test.
Proportion of Poor-Scoring Children: Auditory Tasks
In terms of the number of auditory tests on which children performed poorly (ϽϪ1 SD), for the normative group, 29% scored poorly on one to two tasks with 5% scoring poorly on three to four tasks compared with 42 and 21% for the dyslexia group and 46 and 36% for the APD group. Proportions of poor scorers differed significantly between groups (Fisher's exact test [N ϭ 139] ϭ 25.2, p Ͻ 0.001). It is noteworthy that a rather high proportion, nearly one-third, of the normative group performed poorly on one to two auditory tests, with a different subset of the normative group performing poorly on each task. Retest reliability of the psychophysical tests was examined by retesting 21 children aged 7 to 10 yr from the normative group between 2 weeks and 4 months after initial testing (M ϭ 8.5 weeks, SD ϭ 4.6 weeks). Three of the tests (40 Hz, 240 Hz, and IRN) had moderate retest reliability (r ϭ 0.50, 0.83 and 0.61, respectively, p Ͻ 0.05). Detection of 2-Hz FM was the most unreliable auditory test (r ϭ 0.25, p Ͼ 0.05). There was a small nonsignificant improvement in average performance between test and retest for every test, so it seemed that the low reliability of some of the psychophysical tests was not because of large practice effects.
Those that recommend a test battery approach to identify APD assume that poor performance on a particular APD test reflects a specific deficit of AP. However, in this study, with only four tests there was a high statistical likelihood of performing poorly on at least one even in the normative group. With larger batteries, this effect is likely to be even more marked. Note that retest reliability is unknown for most APD tests, and this is a concern that has been raised previously . This calls into a question the interpretation of poor performance on one or two tests in larger battery as reflecting a specific auditory deficit.
Proportion of Poor-Scoring Children: Visual Tasks
In the normative group, 25.5% scored poorly (ϽϪ1 SD) on either the visual form or visual motion tests or both compared with 47% in the dyslexia group and 55% in the APD group. Proportions of poor scorers differed significantly between groups ( 2 [2, 139] ϭ 8.56, p Ͻ 0.05). There were lowsignificant correlations between visual and auditory tests, as given in Table 3 .
Hypothesized "Temporal APD Performance"
One hypothesis regarding the cause of APD is a problem with temporal coding of sound. The test battery was therefore designed to assess sensitivity to variations in sound at different rates; 2-Hz FM, 40-Hz FM, and IRN. A control task-240-Hz FM, which can be done without reliance on temporal mechanisms-was included in the battery. The hypothesis was that if children with APD have a problem with temporal coding of sound, they will have a deficit in performance on one or more of the tasks 2 Hz, 40 Hz, and IRN with normal performance on the 240-Hz task. A pattern of hypothesized temporal APD performance was then defined as a standard score poorer than Ϫ1 SD on 2 Hz, 40 Hz, and IRN and better than Ϫ1 SD on 240 Hz. Nontemporal APD performance was either scores within the normal range on all auditory tests or a poor score on 240-Hz FM with or without poor scores on the remaining auditory tests. In the case of a poor score on the 240-Hz FM task, poor performance is hypothesized to be caused by either a spectral processing problem or, in the case of poor scores across tasks, a global processing difficulty such as attentional or memory problems. Participants were not included in this analysis if they were missing any auditory test thresholds. Sixteen percent (16 of 98) of the normative group, 28% (5 of 18) of the dyslexia group, and 27% (6 of 22) or the APD group displayed the temporal APD performance profile. Seventeen percent (17 of 98) of the normative sample, 33% (6 of 18) of the dyslexia group, and 64% (14 of 22) of the APD group scored poorly on the 240-Hz FM task.
Were the children who displayed the hypothesized temporal APD performance profile the same ones who did poorly on the SCAN? As earlier, a surprisingly high proportion of children in the ADP group scored well on the SCAN. SCAN scores were converted to z-scores based on the normative group's total SCAN raw score by age group. Children were then classified using performance cutoffs recommended in the SCAN manual, such as a z-score ϽϪ2 is "disordered," between Ϫ1 and Ϫ2 is "borderline," and ϾϪ1 is "normal." On reclassification, seven children (two normative, two dyslexia, and three APD) scored within the disordered range, and 23 scored in the borderline range (15 normative, three borderline, and four APD).
Of the 30 children across groups who scored in the clinical (borderline or disordered) range on the SCAN, only 17% (5) showed the hypothesized temporal APD performance profile (the same proportion-17% (17)-as in the normative group as a whole). Further, 43% (13) of the SCAN clinical range group did poorly on the 240-Hz FM task, which was thought to be suggestive of spectral auditory or global factors such as attentional or memory problems. Thus, on the whole, the children who did poorly on the SCAN did not show the hypothesized pattern of temporal APD performance.
Variability of Auditory Task Performance as an Index of Attention
To examine the effect of attention on performance, track width for each of the four auditory tasks was used. Track width is the SD of the average of the last four reversals used to compute the threshold in the adaptive procedure. Wider tracks (higher SDs) are thought to reflect "guessing" of responses (Wightman et al. 1989) , representing lapses of attention or memory or poor motivation. The three-interval two-alternative forced-choice method used for this study is thought to make minimal demands on memory compared with other methods (Sutcliffe & Bishop 2005) , and the task itself was motivating. Most children enjoyed playing the "listening game." Therefore, track width may represent largely attentional factors. Track width was normalized based on the normative group's track widths for each auditory task and then averaged across tasks to give a general estimate of the impact of attention on psychophysical test performance. There was a medium correlation between track width and performance on the 40-Hz task, with better auditory performance being associated with better attention (smaller track width). Track width did not correlate with performance on any other auditory task. It seems that some discriminations are more affected by attentional skills than others despite using the same procedure. 
Correlations Between Performance on Nonauditory Measures and Auditory Tasks
We examined the correlation between age-standardized performance on each auditory psychophysical task and attention (indexed by average track width), PIQ, total SCAN score, and composite literacy score (average of TOWRE word and nonword reading and spelling) within the APD and dyslexia groups combined, as given in Table 4 .
There were no significant correlations between PIQ and auditory task performance, although correlation between PIQ and 40-Hz performance was approaching significance (p ϭ 0.06), with higher PIQ being associated with better auditory performance.
There were large significant correlations between SCAN and 2-and 240-Hz performance, with marginally nonsignificant (p ϭ 0.053) medium correlation between SCAN and the 40-Hz task. There were no significant correlations between the literacy composite score and any auditory task.
DISCUSSION
Each of the specific research questions posed earlier are now addressed in turn.
Are Comparable Problems Seen in the APD and Dyslexia Groups?
A similar proportion of the dyslexia and the APD group scored poorly on the SCAN, whereas ϳ50% of the APD group would also fit a diagnosis of dyslexia. Both children with dyslexia and children with an APD diagnosis tended to do more poorly than the normative group on the psychophysical tasks. Although auditory and literacy problems were a feature of both clinical groups, there was no correlation between literacy skill and auditory performance. In the Introduction section, we noted that a major issue in APD and in learning disabilities research is the relation between auditory impairments and language or literacy problems. The results in this study support the view that auditory impairments co-occur with literacy problems although they are not themselves directly related.
Are Any Processing Problems Specific to the Auditory Modality, or Do Children with an APD Diagnosis Do Poorly on Visual Processing Tests Also?
One of the contentions about using an analogous psychophysical test in another modality to demonstrate a modalityspecific auditory deficit is the degree to which tests in different modalities are analogs (Musiek et al. 2005 ) and whether making comparisons across modalities is even possible. In this case, there was little support for a common temporal processing factor tapped by both the dynamic auditory tests (2-and 40-Hz FM) and the visual motion task; correlations between these tests were low. In fact, the strongest correlation was between visual motion and 240-Hz FM, a supposedly "static" auditory task. Additionally, the use of different psychophysical procedures between auditory and visual tasks complicates interpretation. Within-group variability was high, and there were no significant between-group differences in average performance on the visual form and motion tasks, although a significantly higher proportion of the APD and dyslexia groups scored poorly on one or both of the visual tests (around 50% of the APD and dyslexia groups compared with around 25% of the normative group). Overall, perceptual impairments did not seem specific to the auditory modality, which are in line with the assertion that impairments are likely to be multimodal (Bellis & Ferre 1999) .
Is There Evidence for Specific Problems with Temporal AP in Children Diagnosed with APD?
We hypothesized that if children with APD had an auditory temporal deficit, they would display a pattern of good performance on the 240-Hz FM control task (which draws on spectral processes), with poor performance on one or more of the three temporal auditory tasks (2-Hz FM, 40-Hz FM, or IRN). In fact, a minority (ϳ28%) of both the APD and dyslexia groups showed the hypothesized pattern of performance; a much higher proportion (64 and 33%, respectively) did poorly on the control 240-Hz FM task. This does not support a temporal AP deficit as being the major underlying cause of APD. In terms of group comparisons on individual auditory tasks, children with a diagnosis of APD did more poorly on average than normative children on 40-Hz FM, IRN, and 240-Hz FM, with the biggest differences being on 40-and 240-Hz FM. Detection of 240-Hz FM is thought to rely mainly on spectral processes, whereas detection of 40-Hz FM is thought to draw on both spectral and temporal processes. The 2-Hz FM and IRN are thought to draw mainly on temporal processes (Moore 2004) . Taken as a whole, these findings could suggest that peripheral, spectral auditory processes may actually be the auditory variable based on which children in the dyslexia and APD groups differed from the normative group. However, if there were such a deficit in peripheral hearing, it must be one that is not detectable by normal audiogram. Peripheral hearing was tested using audiometric screening, and only children who had thresholds better than 20 dB were included in testing. In addition, APD is a diagnosis in which peripheral hearing abnormalities are specifically excluded; APD participants had undergone comprehensive peripheral hearing examinations at the auditory clinics from which they were recruited. An alternative explanation may be that children with APD had a global cognitive or sensory problem that affected their performance across all auditory and visual psychophysical tasks. Note that the only auditory task that the APD group did not do significantly more poorly than the normative group was the 2-Hz taskthe task with the lowest reliability and the highest withingroup variability. Better attention (as indexed by track width) had an association with better performance on the 40-Hz FM task, although there was no significant correlation between attention or PIQ for any other auditory task within the APD and dyslexia groups. Attentional skills may have more impact on some tasks than others, despite using the same procedure. Overall, variation in PIQ and attention as measured in this study does not seem sufficient to account for the range of individual differences in auditory performance.
General Issues: Assessment of APD
One issue that became apparent during this study was that current methods of assessment and identification of APD seem to have serious shortcomings. Children were initially identified with APD in clinical settings on the basis of performance on the SCAN plus a battery of nonspeech AP tests. When children diagnosed with APD were given the SCAN as a part of this study and were scored relative to U.K. rather than U.S. performance norms and according to overall performance rather than by subtest, a surprisingly small proportion of the APD group scored within the clinical range. Further, a rather high proportion of children (29% of the normative group) scored poorly on one to two tests of a battery of four auditory psychophysical tests. Overall, two factors seemed likely to contribute to a high rate of false identification of APD: (1) use of speech-based test materials that are susceptible to effects of linguistic familiarity, and (2) use of a test battery approach to identify APD that inflates type 1 statistical error. APD assessment and diagnosis are problematic and in need of research attention.
An encouraging finding was that SCAN performance did correlate with performance on two psychophysical tests (2-and 240-Hz FM), with better performance on the SCAN being associated with better psychophysical test performance. One might be able to screen for auditory perceptual problems using speech-based stimuli such as the SCAN, although scoring and interpretation of performance must be based on good psychometric principles (i.e, scoring by SCAN subtest will inflate false positives, although there is no good psychometric reason for doing this type of scoring; the factor structure of the SCAN does not support scoring by subtest). AP tests using nonspeech stimuli should then be used to augment speech-based testing, but these should be of known good reliability. To provide a comprehensive assessment of AP, the temptation is to give a battery of auditory tests. One should be aware that this increases the probability that a child will do poorly on at least one test merely by chance, and allowances must be made for this.
CONCLUSIONS
There are children who have auditory perceptual difficulties in the presence of normal peripheral hearing, although these processing difficulties are not restricted to the auditory modality. One might hypothesize maturational delay or disorder, although the reasons for some children's poor performance are not clear from this study. There was no association between auditory performance and literacy problems, although auditory difficulties were more common in the APD and dyslexia groups. This finding does not support a causal association between auditory and literacy problems. However, auditory perceptual difficulties may have other consequences. Given poor performance on the speech in noise and competing speech tests that comprise the SCAN, one might expect these children to have poor listening in adverse acoustic environments, such as noisy classrooms, with a subsequent impact on social and academic performance. These possibilities were not addressed in this study, although it would be useful to examine empirically the consequences of AP impairment to clarify what is meant by APD.
It was noteworthy that the children in both the APD and dyslexia groups had high rates of literacy and auditory perceptual problems. One obvious implication is the need for multidisciplinary evaluation of children referred for APD or dyslexia testing. For children referred for APD testing, the implication is that in addition to auditory testing, these children should be screened for literacy and language problems. Consequences of literacy and language difficulties are well established, and empirically proven effective treatments are available (Torgesen 2005) . For children identified with dyslexia, one might suggest that these children be screened for auditory perceptual difficulties as well. However, the functional upshot of such listening difficulties is currently not well understood. Controlled studies of auditory training do not show any special benefit for auditory training; it is possible to train and improve auditory skills, but this does not lead to improvements in language or literacy relative to control groups (Cohen et al. 2005; Gillam et al. 2008; McArthur et al. 2008) . The significance of auditory perceptual difficulties and what to do about them are matters for further investigation.
At present, the best approach may be to view auditory perceptual difficulties as part of a multifactorial description of learning problems rather than as a diagnostic category in their own right. In both the research and clinical settings, any distinction between children on the basis of categories such as dyslexia or APD may actually be unhelpful because it may focus attention on a single aspect of a child's difficultiesreading or auditory-when it may be more appropriate to view each case as involving contributions from multiple areas.
